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Executive  Summary 


The  objective  of  this  research  is  to  experimentally  determine  the  feasibility  of  initiating 
detonation  in  fuel-air  mixtures  using  only  the  energy  in  hot,  compressed  air.  The  existing 
6-inch  shock  tube  at  Caltech  was  used  to  create  hot,  high-pressure  air  behind  a  reflected 
shock  wave.  The  hot  air  created  an  imploding  annular  shock  wave  when  it  jetted  through 
an  annular  orifice  into  a  76-mm-diameter,  1-m-long  tube  attached  to  the  end  of  the  shock 
tube.  A  special  test  section  with  an  annular  opening  covered  by  a  diaphragm  is  attached 
to  the  end  wall  of  the  shock  tube.  The  test  section  is  filled  with  a  combustible  gas 
mixture  and  initially  isolated  from  the  shock  tube  by  both  a  sliding  valve  and  a  very  thin 
diaphragm.  The  sliding  valve  is  opened  immediately  prior  to  the  shock  tube  operation  and 
the  diaphragm  is  ruptured  promptly  when  the  shock  wave  arrives  at  the  end  of  the  shock 
tube.  The  test  tube  was  filled  with  either  stoichiometric  ethylene-oxygen  or  propane- 
oxygen  diluted  with  nitrogen. 

Piezoelectric  pressure  transducers  and  ionization  gauges  were  used  to  determine  the  type 
of  combustion  event  initiated  by  the  annular  jet  of  hot  air.  The  stagnation  conditions  in 
the  shock  tube  and  the  amount  of  dilution  with  nitrogen  in  the  test  section  were  varied  to 
find  the  critical  conditions  for  the  onset  of  detonation  in  each  test  mixture.  Less  sensitive 
(high  dilution)  mixtures  required  larger  stagnation  pressures  in  order  to  initiate  a 
detonation.  We  were  unable  to  initiate  either  ethylene  or  propane-air  mixtures  within  our 
facility  limits.  Extrapolation  of  the  low-dilution  data  indicates  that  very  high  stagnation 
pressures  (>  16  bar)  are  required  to  initiate  detonation  in  fuel-air  mixtures. 
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Introduction  and  Objectives 


Li  and  Kailasanath  have  described  a  concept  for  detonation  initiation  (Li  and  Kailasanath 
AIAA  2003-1 170)  based  on  using  impulsively  started  jets  of  fuel  or  fuel  and  air  to  create 
an  annular  shock  wave.  Simulations  were  presented  that  indicated  the  possibility  of 
initiation  at  the  focus  of  an  annular  imploding  shock,  behind  Mach  stems,  or  at  reflections 
in  the  comers  of  the  tube.  Li  and  Kailasanath  proposed  that  this  concept  might  be  useful 
for  initiation  of  fiiel-air  mixtures  without  using  added  oxygen,  which  is  a  key  goal  for  this 
program.  The  objective  of  this  research  is  to  experimentally  test  this  proposal  and 
determine  the  feasibility  of  initiating  detonation  in  fuel-air  mixtures  using  only  the  energy 
in  hot,  compressed  air. 


Technical  Approach 

The  existing  6-inch  shock  tube  at  Caltech  was  used  to  create  hot,  high-pressure  air  behind 
a  reflected  shock  wave.  The  hot  air  created  an  imploding  annular  shock  wave  when  it 
jetted  through  a  1-inch  annular  orifice  into  a  76-mm-diameter,  1-m-long  tube  attached  to 
the  end  of  the  shock  tube  (Figure  1).  A  special  test  section  with  an  annular  opening 
covered  by  a  diaphragm  is  attached  to  the  end  wall  of  the  shock  tube.  The  test  section  is 
filled  with  a  combustible  gas  mixture  and  initially  isolated  from  the  shock  tube  by  both  a 
sliding  valve  and  a  very  thin  diaphragm.  The  sliding  valve  is  opened  immediately  prior  to 
the  shock  tube  operation  and  the  diaphragm  is  ruptured  promptly  when  the  shock  wave 
arrives  at  the  end  of  the  shock  tube.  The  test  tube  was  filled  with  either  stoichiometric 
ethylene-oxygen  or  propane-oxygen  diluted  with  nitrogen.  Piezoelectric  pressure 
transducers  and  ionization  gauges  were  used  to  determine  the  type  of  combustion  event 
initiated  by  the  annular  jet  of  hot  air.  The  facility  is  shown  in  Figure  2. _ 


Results 

During  testing,  ethylene-oxygen-nitrogen  and  propane-oxygen-nitrogen  mixtures  were 
used  in  the  test  section.  The  minimum  Mach  number  of  the  incident  shock  wave  in  the 
shock  tube  required  to  initiate  the  test  section  mixture  was  found  as  a  function  of  the 
nitrogen  dilution  for  each  mixture.  Four  modes  of  initiation  were  observed:  prompt 
initiation,  deflagration-to-detonation  transition  (DDT),  reflected  initiation,  and  failed 
initiation.  The  prompt  initiation  mode  described  tests  where  the  first  waves  detected  in 
the  test  section  were  from  a  detonation.  In  some  tests,  the  annular  jet  created  a  shock 
wave  in  the  test  section  trailed  by  a  decoupled  reaction  front.  If  the  shock  wave  and 
reaction  front  combined  to  form  a  detonation  wave  before  the  shock  wave  reflected  from 
the  test  section  end  wall,  the  mode  of  initiation  was  classified  as  DDT.  If  the  coupling 
occurred  after  shock  reflection  from  the  end  wall,  the  initiation  event  was  referred  to  as 
reflected  initiation.  In  some  cases,  no  detonation  wave  was  detected  in  the  test  section 
and  the  test  was  referred  to  as  a  failed  initiation. 
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By  assuming  that  the  flow  behind  the  reflected  wave  is  of  negligible  velocity,  the 
unsteady  normal  shock  relations  can  be  used  to  predict  the  pressure  of  the  gas  reservoir 
behind  the  reflected  wave  that  creates  the  annular  jet  in  the  test  section.  Using  this 
method,  the  mode  of  initiation  as  a  function  of  nitrogen  dilution  and  reservoir  pressure  is 
shown  in  Figures  3  and  4.  For  a  specific  dilution  value,  the  higher  reservoir  pressures 
initiate  prompt  detonations.  As  the  reservoir  pressure  is  decreased,  the  initiation  mode 
would  transition  from  prompt  to  DDT  and  finally  to  reflected  initiation.  For  low  enough 
reservoir  pressures,  no  combustion  was  observed  in  the  test  section. 

Higher  dilution  (less  sensitive)  mixtures  required  higher  reservoir  pressures  in  order  to 
initiate  detonations.  Also,  propane  mixtures  required  higher  reservoir  pressures  for 
initiation  than  did  ethylene  mixtures  of  equivalent  dilutions.  We  were  unable  to  initiate 
either  ethylene-  or  propane-air  mixtures  within  our  facility  limits.  However, 
extrapolation  of  the  low-dilution  data  indicates  that  very  high  stagnation  pressures  (>  16 
bar)  are  required  to  initiate  detonations  in  ethylene-air  or  propane-air  mixtures  at  1  bar 
initial  pressure.  Additional  details  about  the  facility  and  results  are  given  in  Jackson  and 
Shepherd  (2004),  reproduced  in  Appendix  A,  and  Jackson  (2005). 


Conclusion 

Imploding  shock  waves  created  by  annular  jets  of  hot,  high-pressure  air  were  used  to 
initiate  detonations  in  ethylene-oxygen-nitrogen  and  propane-oxygen-nitrogen  mixtures 
inside  of  a  76-mm-diameter  tube.  This  technique  alone  is  not  sufficient  to  initiate 
hydrocarbon-air  mixtures  with  initiator  gas  at  modest  pressures  (<  15  bar).  Data  suggest 
that  to  initiate  hydrocarbon-air  mixtures,  the  pressure  in  the  reservoir  must  exceed  PCj  (19 
bar).  A  stronger  shock  tube  would  be  required  to  achieve  the  higher  reservoir  pressures 
necessary  for  initiation  of  the  hydrocarbon-air  mixtures.  However,  these  pressures  are  an 
order  of  magnitude  larger  than  those  considered  by  Li  and  Kailasanath,  indicating  that 
this  method  is  not  feasible  for  the  intermediate  Mach  number  range  for  which  pulse 
detonation  engines  are  usually  targeted. 


Publications 

S.I.  Jackson  and  J.E.  Shepherd,  "Detonation  Initiation  via  Imploding  Shock  Waves,"  40th 
AIAA/ASME/SAE/ASEE  Joint  Propulsion  Conference  and  Exhibit,  July  11-14,  2004,  Ft. 
Lauderdale,  FL  AIAA2004-3919. 

S.I.  Jackson,  “Detonation  Initiation  via  Wave  Implosion,”  Ph.D.  Thesis,  Graduate 
Aeronautical  Laboratories,  California  Institute  of  Technology,  Pasadena,  CA,  2005. 
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Figure  1.  Schematic  of  annular  jet  imploding  shock  wave  facility. 


Detonation  tube 
Mixture:  HC-02-N2 


Figure  2.  Photograph  of  annular  jet  facility  showing  quick-connect  clamps  for  attachment  to 
shock  tube  (at  left),  the  annular  ports  at  the  left  end  of  the  test  section,  the  test  section  with  ion 
probe  gauges  and  pressure  transducers  to  the  right. 
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Figure  3.  Experimental  results  for  annular  jet  imploding  shock  initiator  tests  with  stoichiometric 
ethylene-oxygen-nitrogen  mixtures.  The  numbers  indicate  the  ion  probe  location  closest  to  the 
DDT  event.  Ion  probe  location  1  is  closest  to  the  annular  orifice  and  location  9  is  furthest  from 
the  orifice. 
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Figure  4.  Experimental  results  for  annular  jet  imploding  shock  initiator  tests  with  stoichiometric 
propane-oxygen-nitrogen  mixtures.  The  numbers  indicate  the  ion  probe  location  closest  to  the 
DDT  event.  Ion  probe  location  1  is  closest  to  the  annular  orifice  and  location  9  is  furthest  from 
the  orifice. 
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Appendix  A.  Reprint  of  Jackson  and  Shepherd  2004 
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Detonation  Initiation  via  Imploding  Shock  Waves 

S.I.  Jackson*  and  J.E.  Shepherd* 

California  Institute  of  Technology,  Pasadena,  CA,  91125,  USA 


An  imploding  annular  shock  wave  driven  by  a  jet  of  air  was  used  to  initiate  detonations 
inside  a  76  mm  diameter  tube.  The  tube  was  filled  with  a  test  gas  composed  of  either 
stoichiometric  ethylene-oxygen  or  propane-oxygen  diluted  with  nitrogen.  The  strength  of 
the  imploding  shock  wave  and  the  sensitivity  of  the  test  gas  were  varied  in  an  effort  to 
find  the  minimum  shock  strength  required  for  detonation  of  each  test  mixture.  The  results 
show  that  the  minimum  required  shock  strength  increases  with  mixture  sensitivity  and 
suggest  that  impractically  large  shock  driver  pressures  are  required  to  initiate  detonations 
in  ethylene-air  or  propane-air  mixtures  when  using  this  technique. 


N  omenclature 

A<23  Duration  between  wave  arrival  at  ST2  and  ST3 
Ax 2 3  Distance  between  ST2  and  ST3 
M23  Average  Mach  number  between  ST2  and  ST3 
P  Pressure 

R  Gas  constant 

T  ■  Temperature 
u  Velocity,  lab  frame 

w  Velocity,  shock-fixed  frame 

Subscripts 

1  Driven  section  initial  state 

2  State  behind  incident  shock  wave 

5  State  behind  reflected  shock  wave 

CJ  Chapman-Jouguet  detonation  wave  property 

Symbols 

7  Ratio  of  specific  heats 


I.  Introduction 

IMPLODING  shock  waves  have  intrigued  researchers  for  decades  due  to  their  inherent  ability  to  become 
increasingly  Overdriven.  Gas  processed  by  a  shock  wave  is  adiabatically  compressed  and  accelerated  in  the 
direction  of  shock  propagation.  Imploding  shock  geometries  force  the  shocked  gas  into  an  ever-decreasing 
area  that  creates  additional  compression  as  compared  to  that  of  planar  geometries.  The  end  result  is  a 
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positive  feedback  cycle:  The  increased  compression  accelerates  the  shock,  which,  in  turn,  acts  to  further 
increase  the  post-shock  pressure.  This  cycle  continues  throughout  the  implosion  process  and  can  result  in 
extremely  high  post-shock  pressures  and  temperatures  as  the  wave  radius  approaches  zero. 

The  imploding  shock  solution  was  first  solved  analytically  for  cylindrical  and  spherical  geometries  in  1942 
by  Guderley,1  who  assumed  that  the  trajectory  of  the  imploding  shock  followed  a  power  law.  The  presence 
of  a  high-pressure  and  high-temperature  focal  region  in  the  implosion  was  demonstrated  experimentally  by 
Perry  and  Kantrowitz,2  who  used  a  shock  tube  with  a  teardrop-shaped  obstruction  inserted  into  the  end  of 
a  shock  tube  to  shape  a  planar  shock  wave  into  a  cylindrically  imploding  wave.  While  they  did  not  obtain 
pressure  measurements,  they  were  able  to  image2  luminosity  emitted  from  ionized  argon  at  the  focus  of 
the  imploding  shock  indicating  the  presence  of  high-temperature  gas.  Subsequent  work  further  developed 
theoretical  methods3,4,5,6,7,8,9  and  experiments10,11,12,13, 14,15,16,17,18,19,20,21,22  to  better  understand  the 
shock  implosion  process. 

The  current  interest  in  air-breathing  pulse  detonation  engines  (PDEs)  has  led  researchers  to  search  for 
efficient  methods  of  initiating  insensitive  hydrocarbon-air  mixtures  such  as  such  JPlO-air  or  CsHg-air.  The 
ideal  technique  for  detonation  initiation  in  fuel-air  mixtures  would  require  a  small  amount  of  electrical 
energy,  on  the  order  of  milliJoules,  and  no  sensitizer  fuel.  This  technology  has  yet  to  be  realized  and,  as  a 
result,  current  PDEs  use  initiator  tubes  sensitized  with  oxygen23  or  detonate  more  sensitive  mixtures  such 
as  H2-air. 24,25 

Efforts  to  maximize  the  efficiency  of  initiator  tubes  have  focused  detonation  waves  into  insensitive  mix¬ 
tures  to  create  high-enthalpy  focal  regions  that  evolve  into  self-sustaining  detonation  waves.20  Jackson  and 
Shepherd26  have  successfully  detonated  CaHg-air  mixtures  in  a  detonation  tube  using  an  initiator27,28  that 
generates  and  focuses  toroidally  imploding  detonation  waves.  Numerical  simulations  by  Yu,  Wang,  and  He29 
indicate  that  the  interaction  between  the  reflected  main  shock  and  the  contact  surface,  which  separates  the 
gas  driving  the  imploding  wave  from  the  gas  to  be  detonated,  creates  a  second  imploding  shock.  This  second 
implosion  further  increases  the  temperature  and  pressure  near  the  wave  focus  above  that  predicted  by  a 
single  imploding  wave  and  greatly  facilitates  detonation  initiation. 

More  recently,  Li  and  Kailasanath30, 31  have  proposed  using  imploding  shock  waves,  instead  of  detonation 
waves,  to  initiate  insensitive  mixtures.  In  particular,  numerical  simulations31  found  that  detonations  could 
be  initiated  in  a  14  cm  (5.5  in)  diameter  tube  filled  with  stoichiometric  ethylene-air  using  an  imploding  shock 
wave  created  from  the  injection  of  a  converging  annular  jet  of  fuel  or  air  from  the  outer  diameter  of  the  tube. 
At  the  injection  point,  the  jet  had  a  Mach  number  of  unity,  a  pressure  of  2.0  bar,  and  a  temperature  of  250 
K.  For  gas  with  a  specific  heat  ratio  7  of  1.4,  a  jet  with  the  aforementioned  properties  could  be  generated 
from  a  reservoir  with  a  total  pressure  of  3.8  bar  and  a  total  temperature  of  470  K. 

The  concept  of  detonation  initiation  via  a  converging  air  jet  is  extremely  appealing  to  designers  of 
PDEs  since  it  would  eliminate  the  need  for  a  spark  plug  and  associated  power  supply  or  any  sensitizer  fuel. 
Furthermore,  an  engine  in  flight  would  have  an  abundant  supply  of  high-pressure  and  high-temperature  air 
available  to  create  the  imploding  wave. 

The  current  study  used  imploding  annular  shock  waves  driven  by  air  jets  to  initiate  detonations  in  a  7.6 
cm  (3.0  in)  diameter  tube  filled  with  a  test  gas  of  either  stoichiometric  ethylene-oxygen  or  propane-oxygen 
diluted  with  varying  amounts  of  nitrogen.  The  strength  of  the  imploding  shock  wave  and  the  sensitivity  of 
the  test  gas  were  varied  in  an  effort  to  find  the  minimum  shock  strength  required  for  detonation  of  each 
mixture.  The  total  pressure  of  the  air  jet  that  was  used  to  create  the  implosion  ranged  from  3.2  bar  to  16.8 
bar  and  the  total  temperature  ranged  from  420  K  to  790  K.  Thus,  the  jet  properties  were  comparable  to 
those  of  Li  and  Kailasanath.31 


II.  Experimental  Facility 

The  experimental  facility  was  a  shock  tunnel  and  consisted  of  a  test  section  tube  with  an  annular  orifice 
which  protruded  into  the  end  of  a  shock  tube.  The  shock  tube  was  used  to  generate  imploding  shock  waves  in 
the  test  section  tube.  A  description  of  each  component  of  the  shock  tunnel  is  included  below.  The  operation 
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of  the  facility  is  also  discussed. 


A.  GALCIT  6  Inch  Shock  Tube 

The  GALCIT  6  Inch  Shock  Tube32  was  used  to  create  the  primary  shock  wave  in  the  experiment.  The  shock 
tube  consists  of  a  driver  section  with  a  16.5  cm  (6.50  in)  inner  diameter  and  a  driven  section  with  a  15.2  cm 
(6.00  in)  inner  diameter.  During  testing,  the  length  of  the  driver  section  was  6.20  m  (20.3  ft)  and  the  length 
of  the  driven  section  was  11.3  m  (37.0  ft).  The  end  flange  of  the  driven  section  contained  a  10.8  cm  (4.25 
in)  diameter  hole  through  which  the  front  of  the  test  section  was  inserted  into  the  rear  of  the  driven  section. 
When  assembled,  the  test  section  protruded  8.43  cm  (3.32  in)  into  the  shock  tube. 

The  two  sections  were  separated  by  a  hydraulic  clamp  which  was  designed  to  hold  the  diaphragm  in  place 
during  the  experiment  preparation.  Typically,  the  clamp  was  pressurized  to  172  bar  (2500  psi)  during  the 
experiment.  The  driver  section  was  then  pressurized  with  gas  while  the  driven  section  pressure  remained 
constant  at  atmospheric  pressure.  This  pressure  difference  caused  the  diaphragm  to  bulge  into  the  driven 
section  and  contact  a  cruiciform  blade  cutting  device  (similar  to  those  described  elsewhere33,34)  that  was 
located  immediately  downstream  of  the  diaphragm  clamp.  This  cutter  ruptured  the  diaphragm  and  caused 
it  to  petal  open.  The  diaphragm  will  burst  without  use  of  the  cutters  but  previous  experience32,33  has 
shown  that  use  of  the  cutters  results  in  a  more  repeatable  rupture  pressure  and  reduces  the  chance  of 
the  diaphragm  fragmenting  and  traveling  downstream.  The  burst  pressure  is  dependent  on  the  diaphragm 
properties  (material  and  thickness)  as  well  as  the  shape  of  the  cutter.  Two  differently  shaped  cutting 
devices  available  for  the  shock  tube  were  able  to  rupture  diaphragms  at  approximately  50%  (cutter  1)  and 
80%  (cutter  2)  of  their  free  burst  pressure.  Thus,  three  burst  pressures  were  available  for  each  diaphragm 
thickness  by  using  cutter  1,  cutter  2,  or  no  cutter  at  all. 

The  driven  section  was  equipped  with  four  PCB  113A  series  piezoelectric  pressure  transducers  which 
were  flush  mounted  into  the  tube  wall.  Transducers  ST1,  ST2,  ST3,  and  ST4  were  located  respectively  at 
3.85  m,  0.70  m,  0.20  m,  and  0.10  m  from  the  shock  tube  end  flange.  The  passage  of  the  shock  wave  past 
transducer  ST1  triggered  the  data  acquisition  system.  The  two  intermediate  transducers,  ST2  and  ST3, 
were  used  to  record  the  shock  arrival  times  in  order  to  calculate  the  shock  velocity.  The  transducer  closest 
to  the  end  flange  provided  pressure  measurements  near  the  annular  orifice  on  the  test  section.  Transducer 
data  were  recorded  by  a  National  Instruments  data  acquisition  card  and  processed  by  a  Labview  program. 

1.  Diaphragm  Selection  for  Shock  Tube 

Several  different  diaphragms  were  used  in  the  shock  tube  to  vary  the  shock  strength.  Diaphragms  were  made 
of  dead  soft  aluminum  and  two  different  alloys  were  used:  A1  1100-0  and  A1  2024-0.  Each  alloy  and  cutter 
combination  yielded  a  different  burst  pressure.  Burst  pressure  data  for  the  6  Inch  Shock  Tube  are  shown  in 
Figure  1  for  the  two  diaphragm  materials  used  in  the  experiments. 

B.  Test  Section 

The  test  section  consisted  of  a  1.0  m  (40  in)  long  main  tube  attached  to  a  shorter  0.25  m  (10.0  in)  long 
extension  tube  with  an  annular  orifice  (Figure  2).  Both  components  had  a  constant  inner  diameter  of  76 
mm  (3.0  in).  The  two  sections  combined  to  form  a  tube  with  an  internal  length  of  1.25  m  (49.4  in). 

During  the  experiment,  the  extension  tube  was  inserted  8.43  cm  (3.32  in)  into  the  driven  section  of  the 
shock  tube  and  fixed  in  place  using  four  latch  clamps.  The  start  of  an  annular  orifice  was  located  4.62  cm 
(1.82  in)  behind  the  start  of  the  test  section.  The  orifice  was  2.54  cm  (1.00  in)  wide  and  interrupted  by  four 
1.0  cm  (0.4  in)  wide  support  struts.  The  region  of  the  test  section  that  protruded  into  the  shock  tube  had 
a  10.2  cm  (4.0  in)  outer  diameter.  Further  dimensional  information  for  this  section  is  shown  in  Figure  3. 
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(b)  Alloy  A1  2024-0. 


Figure  1.  Burst  data  from  the  6  inch  shock  tube  for  diaphragm  alloys  used  in  the  experiments.  Burst  pressure 
is  defined  as  the  pressure  difference  between  the  driver  and  driven  section  at  the  moment  of  diaphragm  rupture. 


Figure  2.  The  test  section  is  shown  on  the  right.  The  end  flange  of  the  shock  tube  can  be  seen  in  the  left  side 
of  the  picture.  The  longer  main  tube  is  anodized  black.  The  shorter  extension  containing  the  annular  orifice 
and  latch  clamps  is  attached  to  the  left  side  of  the  main  tube. 

The  test  section  was  equipped  with  four  pressure  transducers  and  nine  ion  probes.  The  ion  probes  were 
spaced  equidistantly  10.4  cm  (4.10  in)  apart.  The  first  ion  probe  was  located  38.4  cm  (15.1  in)  from  the 
inner  face  of  the  front  test  section  flange.  Ion  probes  were  numbered  II  through  19  with  the  probe  number 
increasing  with  increasing  distance  from  the  front  test  section  flange.  The  pressure  transducers  TS1,  TS2, 
TS3,  and  TS4  were  located  respectively  at  27.9  cm  (11.0  in),  69.6  cm  (27.4  in),  1.21  m  (47.9  in),  and  1.25  m 
(49.4  in)  from  the  inner  face  of  the  front  test  section  flange.  Transducer  and  ion  probe  data  were  recorded  on 
two  National  Instruments  data  acquisition  cards  running  in  master-slave  configuration  and  processed  with  a 
Labview  program.  Recording  of  the  test  section  data  acquisition  system  was  triggered  by  the  arrival  of  the 
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incident  shock  wave  at  the  rearmost  transducer  ST4  in  the  shock  tube.  The  data  acquisition  system  for  the 
test  section  recorded  20  ms  of  data. 

1.  Diaphragm  Selection  for  Test  Section 

The  annular  orifice  in  the  test  section  was 
originally  intended  to  be  sealed  by  a  thin 
layer  of  Mylar  or  aluminum  tape  during 
gas  evacuation  and  filling  of  the  test  sec¬ 
tion.  This  tape  was  then  to  be  ruptured 
by  the  high-pressure  gas  behind  the  shock 
wave.  However,  testing  determined  that 
tape  thick  enough  to  reliably  seal  the  an¬ 
nular  orifice  did  not  rupture  promptly 
upon  arrival  of  the  incident  shock  wave. 

To  make  matters  worse,  all  quadrants  of 
the  annular  orifice  did  not  rupture  si¬ 
multaneously!  The  delay  between  the 
first  and  last  quadrant  to  rupture  ranged 
from  40  [is  to  1  ms  for  diaphragms  strong 
enough  to  maintain  their  integrity  during 
the  filling  procedure. 

To  solve  this  problem,  a  short  length 
of  tube  with  two  o-ring  seals  was  inserted 
into  the  test  section.  This  sliding  gate 
was  used  to  seal  the  annular  orifice  during 
test  section  evacuation  and  filling  proce¬ 
dures  but  was  moved  to  completely  un¬ 
cover  the  annular  orifice  before  rupture 
of  the  shock  tube  diaphragm.  Actuation 
of  the  slider  gate  was  enabled  by  a  wire 
connecting  the  slider  gate  to  a  rotatable 
pull  rod.  Turning  the  rod  pulled  the  slid¬ 
ing  gate  along  the  tube  axis.  The  sliding  gate  was  8.26  cm  (3.25  in)  long  with  an  inner  diameter  of  6.35  cm 
(2.50  in).  It  is  shown  in  Figure  4. 

Use  of  the  sliding  gate  to  seal  the  annular  orifice  during  gas  evacuation  and  filling  procedures  allowed 
a  much  thinner  diaphragm  to  be  used  to  simply  contain  the  test  section  gas  during  pressurization  of  the 
shock  tube  driver  section.  Aluminum  foil  with  a  thickness  of  17.8  / im  (0.7  mils)  was  used  as  the  test  section 
diaphragm  for  all  data  shown. 

C.  Basic  Operation 

During  an  experiment,  the  test  section  slider  gate  was  moved  to  seal  the  test  section.  Diaphragms  were 
placed  in  the  shock  tube  hydraulic  clamp  and  on  the  annular  orifice  of  the  test  section.  The  test  section  was 
then  secured  to  the  end  of  the  shock  tube  using  the  latch  clamps.  The  test  section  was  evacuated  and  then 
filled  to  1  bar  with  the  premixed  combustible  test  mixture.  Test  section  gases  were  premixed  for  at  least 
15  minutes  with  a  brushless  fan  suspended  inside  of  the  9.25  liter  mixture  preparation  vessel.  Appropriate 
stochiometry  was  achieved  by  filling  the  mixture  preparation  vessel  using  the  method  of  partial  pressures. 

Once  the  test  section  was  filled,  the  slider  gate  was  retracted  leaving  only  the  test  section  diaphragm  to 
separate  the  test  section  gas  from  air  in  the  driven  section.  Both  sections  of  the  shock  tube  were  filled  with 


Figure  3.  A  sketch  illustrating  relevant  dimensions  of  the  test 
section  while  mated  with  the  end  flange  of  the  shock  tube. 
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air  at  atmospheric  pressure.  The  driver  section  was  then  filled  with  air  from  a  compressed  air  source  until 
the  shock  tube  diaphragm  ruptured. 

Rupture  of  the  diaphragm  resulted  in  a  shock 
wave  that  traveled  along  the  long  axis  of  the  shock 
tube  to  the  end  of  the  driven  section.  The  shock 
reflected  off  the  shock  tube  end  flange  and  created  a 
region  of  slow  moving  test  gas  with  elevated  pressure 
and  temperature.  The  increased  pressure  behind  the 
shock  wave  ruptured  the  secondary  diaphragm  that 
covered  the  annular  orifice  and  created  an  imploding 
shock  wave,  followed  by  a  converging  jet  of  air,  into 
the  test  section. 


III.  Results  and  Analysis 

During  each  experiment,  the  Mach  number  of  the 
incident  shock  wave  was  determined  from  the  wave 
arrival  times  at  pressure  transducers  ST2  and  ST3 
in  the  shock  tube. 

M23  = 


Figure  4.  The  sliding  gate  is  shown  removed  from  the 
test  section.  Note  the  wire  connecting  the  sliding  gate 
to  the  pull  rod  (not  shown). 


AX23 


AW7lRlTl 


(1) 


This  allowed  the  post-shock  conditions  to  be  determined  using  the  shock-jump  equations  for  a  perfect 


gas: 


r2  2  (7  —  1)  (m2  —  1)  (1 + 7M2) 
Tx  +  (7  +  1)  M2 

Aw  _  2  M2  -  1 

ai  7  M 


(2) 

(3) 

(4) 


where  Aw  =  W2  —  wx  is  the  difference  in  flow  velocity  across  the  shock  wave. 

Using  the  properties  of  the  incident  shock  and  the  boundary  condition  that  the  flow  behind  the  reflected 
shock  wave  has  zero  velocity 


«5  =  0  ,  (5) 

it  is  possible  to  determine  the  pressure  ratio  across  the  reflected  shock  as  a  function  of  the  incident  shock 
pressure  ratio  and  Mach  number. 

ft  =  (37  ~  1)  %  ~  (7  ~  1) 

Pi  (7  “  1)  fjj  +  (7  +  1) 


(7) 

of  the  incident  shock 


ft  I,  ,)  1  +  (l  +  w) 
ft  Vft  )  l  +  5i(M|.-l> 

Thus,  the  pressure  ratio  across  the  reflected  shock  wave  can  be  found  as  a  function 
wave  Mach  number. 
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A.  Classification  of  data 


Each  test  was  classified  into  one  of  four  categories  depending  on  the  mode  of  combustion  observed.  The 
four  categories  were  prompt  detonation,  deflagration- to-detonation  transition  (DDT),  reflected  detonation, 
and  failed  initiation.  Examples  of  each  category  are  shown  in  Figure  5  and  descriptions  are  presented  below. 
A  wave  was  considered  to  be  a  detonation  if  the  average  wave  speed  in  between  each  pair  of  ion  probes  or 
pressure  transducers  was  within  10%  of  the  Chapman-Jouguet  velocity  Ucj  and  the  shock  wave  was  closely 
coupled  to  the  combustion  front. 

1.  Prompt  detonation 

The  classification  of  prompt  detonation  indicates  that  the  first  pressure  transducer  and  ion  probe  in  the 
test  section  detected  a  detonation  wave.  An  example  of  a  prompt  detonation  is  shown  in  Figure  5a.  In  the 
combined  pressure-time  and  space-time  diagram,  the  lower  three  pressure  traces  are  from  ST2,  ST3,  and  ST4 
in  the  shock  tube  and  show  propagation  of  the  incident  shock  wave  with  a  Mach  number  of  1.52.  Shortly 
after  a  time  of  9  ms,  the  incident  wave  reflects  from  the  shock  tube  end  flange  and  generates  an  imploding 
wave  in  the  test  section.  The  imploding  wave  initiates  a  detonation  in  the  test  section.  The  shock  wave 
associated  with  the  detonation  is  recorded  by  the  pressure  transducers  and  the  arrival  of  the  reaction  zone 
is  detected  by  the  ion  probes.  Ion  probe  data  show  that  the  detonation  is  propagating  at  a  constant  speed 
that  is  within  10%  of  Ucj ■  The  coupling  between  the  shock  and  the  reaction  front  is  evident  in  Figure  5a. 
Meanwhile,  in  the  shock  tube,  the  reflected  shock  wave  travels  back  down  the  tube  and  is  chased  by  a  larger 
pressure  wave  from  the  detonation  initiation  in  the  test  section.  The  larger  wave’  eventually  overtakes  the 
reflected  shock  as  can  be  seen  in  the  lowermost  pressure  trace. 

2.  Defiagration-to-detonation  transition 

An  experiment  was  classified  as  DDT  if  the  combustion  mode  was  observed  to  transition  from  a  deflagration 
to  a  detonation  in  the  test  section  before  the  incident  shock  wave  in  the  test  section  had  reached  the  test 
section  end  flange.  The  DDT  process  can  be  observed  in  Figure  5b.  A  shock  wave  (M  =  1.88)  travels 
down  the  shock  tube  and  reflects  off  the  end  flange  as  in  the  previous  example.  However,  a  detonation 
is  not  immediately  initiated.  The  first  wave  recorded  in  the  test  section  is  a  shock  wave.  The  ion  probes 
indicate  that  the  shock  is  trailed  by  an  accelerating  deflagration.  Near  the  middle  of  the  test  section  (7.0  dm) 
transition  to  an  overdriven  detonation  ( P  =  7.0  MPa,  U  =  2670  m/s)  occurs.  The  overdriven  detonation 
relaxes  as  it  travels  down  the  test  section  and  has  a  pressure  and  wave  velocity  characteriztic  of  a  Chapman- 
Jouguet  detonation  wave  shortly  before  it  reflects  off  the  test  section  end  wall. 

3.  Detonation  after  reflection 

At  times,  the  test  section  mixture  did  not  react  behind  the  test  section  incident  shock  wave.  Instead,  combus¬ 
tion  initiated  behind  the  reflected  wave.  In  Figure  5c,  a  Mach  1 .46  shock  wave  in  the  shock  tube  generated 
an  implosion  in  the  test  section  but  failed  to  detonate  the  mixture.  The  implosion  process  propagated  a 
shock  wave  through  the  test  section  which  reflected  from  the  test  section  end  flange.  A  large  explosion 
occurred  near  ion  probe  18  roughly  2  ms  after  the  reflected  wave  had  passed  by.  The  closest  pressure  trace, 
TS4,  measured  the  explosion  pressure  to  be  26  MPa  or  more  than  eight  times  Pcj  for  the  test  mixture.  A 
significant  ionization  front  was  detected  on  only  four  of  the  nine  transducers  in  the  test  section  because  the 
increased  density  behind  the  incident  shock  (M  =  1.53)  compressed  the  combustible  test  mixture  into  the 
last  half  of  the  tube. 

4 ■  Failed  initiation 

In  some  cases,  low  wave  speeds  and  pressures  were  measured  by  the  pressure  transducers  and  no  ionization 
was  detected.  Such  experiments  were  labeled  failed  initiation  attempts.  Data  from  a  failed  initiation  attempt 
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(c)  Initiation  behind  reflected  wave  in  C2H4+3O2+4N2 
(50%  N2  by  volume)  with  P5  =  4.9  bar. 


(d)  Failed  initiation  attempt  in  C2H4+3O2+6N2  (60% 
N2  by  volume)  with  P5  =  8.5  bar. 


Figure  5.  Four  examples  of  experimental  data  are  shown  on  combined  pressure-time  and  space-time  diagrams. 
Zero  distance  on  the  vertical  axis  corresponds  to  the  inner  edge  of  the  test  section  front  flange.  Negative 
distances  are  located  in  the  shock  tube  while  positive  distances  are  located  in  the  test  section.  Pressure  trace 
baselines  (dotted  line)  indicate  the  location  of  the  transducer  relative  to  the  zero  distance.  The  square  symbols 
connected  by  a  dashed  line  are  ion  probe  data  indicating  the  location  of  a  strong  reaction  front. 
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are  shown  in  Figure  5d.  A  Mach  1.7  shock  wave  in  the  shock  tube  created  a  Mach  1.75  wave  in  the  test 
section.  The  wave  reflected  from  the  test  section  end  wall  and  traveled  back  into  the  shock  tube  with  no 
combustion  occurring  in  the  20  ms  data  acquisition  window. 

B.  Experimental  Data 

The  experimental  results  are  shown  in  Figure  6  for  stoichiometric  ethylene-oxygen  and  propane-oxygen 
mixtures  with  varying  nitrogen  dilution.  During  the  experiments,  the  reflected  shock  pressure  P5  was  varied 
from  3.2  to  16.8  bar.  The  16.8  bar  value  of  P5  was  slightly  above  the  maximum  acceptable  reflected  shock 
pressure  in  the  facility  and,  thus,  was  obtainable  only  once. 


percent  diluent  (%)  percent  diluent  (%) 


(a)  Ethylene-oxygen-nitrogen  data.  (b)  Propane-oxygen-nitrogen  data. 

Figure  6.  Initiation  data  for  stoichiometric  ethylene-oxygen  and  propane-oxygen  test  mixtures  with  varying 
nitrogen  dilutions.  Ps  is  the  reflected  shock  pressure  in  the  shock  tube.  Numbers  to  the  left  of  the  DDT  data 
symbols  indicate  the  number  of  the  ion  probe  that  was  closest  to  the  DDT  event. 

The  graphs  in  Figure  6  show  that  for  a  given  diluent  concentration,  sufficiently  high  reflected  shock 
pressure  P5  resulted  in  prompt  detonation  in  the  test  section.  As  P5  was  decreased,  prompt  detonation  no 
longer  occurred,  instead  resulting  in  either  DDT  or  detonation  initiation  behind  the  reflected  shock.  If  P5 
was  too  low,  combustion  was  no  longer  observed  during  the  data  acquisition  window. 

Both  hydrocarbon  mixtures  required  increasing  P5  to  achieve  detonation  as  the  amount  of  dilution  was 
increased.  For  the  ethylene  mixtures,  this  rate  of  increase  jumped  dramatically  near  dilution  values  of  50%. 
Propane  mixtures  exhibited  a  steeper  rate  of  increase  for  low  dilution  values  and  reached  the  maximum  test 
point  at  40%  nitrogen  dilution  before  the  presence  of  a  similar  trend  could  be  investigated. 

The  trend  established  by  the  data  predicts  that  reflected  shock  pressures  P5  in  excess  of  Pcj  =  19  bar 
would  be  required  to  achieve  successful  initiation  in  fuel-air  dilutions  (73%  by  volume  for  ethylene  and  75% 
by  volume  for  propane)  even  using  the  most  optimistic  extrapolation  technique. 
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IV.  Summary  and  Conclusion 


Imploding  annular  shock  waves  were  propagated  into  a  detonation  tube  filled  with  ethylene-oxygen- 
nitrogen  and  propane-oxygen-nitrogen  mixtures  in  an  attempt  to  establish  the  minimum  imploding  shock 
strength  necessary  to  successfully  initiate  detonations.  Not  surprisingly,  the  minimum  shock  strength  re¬ 
quired  for  initiation  was  found  to  increase  with  increasing  dilution.  The  data  indicate  that  initiating  deto¬ 
nations  in  fuel-air  mixtures  would  require  shock  driver  pressures  larger  than  the  Chapman-Jouguet  pressure 
for  the  fuel-air  mixtures.  It  should  be  noted,  however,  that  the  experiments  used  a  converging  jet  of  air 
to  create  the  imploding  shock  wave.  Switching  to  a  fuel-air  driver  gas  could  enhance  the  imploding  shock 
initiation  process  by  injecting  a  combustible  mixture  into  the  detonation  tube  rather  than  inert  air.  This 
could  reduce  the  shock  driver  pressure  required  for  initiation. 

Increasing  the  diameter  of  the  detonation  tube  to  values  used  by  Li  and  Kailasanath31  could  also  enhance 
the  initiation  process  as  it  would  allow  the  imploding  shock  wave  to  achieve  higher  values  of  compression 
during  the  implosion  process.  However,  an  increased  tube  diameter  would  also  reduce  the  amount  of  con¬ 
finement,  moving  potential  reflecting  surfaces  away  from  the  implosion  focus,  which  has  been  shown  to  be 
detrimental  to  the  success  of  the  implosion  process.26  ,  Thus,  it  is  not  clear  what  net  effect  changing  the 
diameter  would  have  on  the  initiation  process. 

Future  work  will  focus  on  determining  where  initiation  occurs  during  the  shock  implosion  process  and 
investigate  the  effects  of  using  fuel-air  mixtures  to  drive  the  imploding  shock  wave.  Experiments  evaluating 
the  effectiveness  of  using  end  wall  reflectors  to  focus  shock  waves  and  initiate  detonations  in  a  similar 
diameter  tube  are  also  underway.  These  results  will  also  be  compared  to  those  from  initiation  via  imploding 
detonations26  to  determine  the  merit  of  each  technique. 
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